and predicted AKIN stage-1 (AUC = 0.62; p = 0.02) and AKI-50% (AUC = 0.72; p ! 0.01). On multivariable analysis, the 2-hour plasma IL-8 level was associated with 1.36-and 1.59-fold higher odds for AKIN stage-1 and AKI-50%, respectively (p = 0.05). Conclusion: Plasma IL-8 predicts the development of AKI following CPB, supporting a potential involvement for this chemokine in the pathogenesis of AKI.
Interleukin
neutrophils to injured organs such as the kidneys. IL-8 is also a potent stimulant of several neutrophil cellular responses including chemotaxis, degranulation and respiratory burst [10, 11] . The circulating IL-8 levels increase following CPB [12, 13] , but the relationship of this chemokine to the development of post-CPB AKI has not been described.
It is important to note, however, that other mechanisms of neutrophil activation during CPB that are independent of IL-8 have also been described, including adhesion molecules such as CD11b/CD18 [14] and E-selectin [15] , as well as complement factors [16] that facilitate neutrophil-mediated organ injury. Other inflammatory mediators incriminated in direct organ injury following CPB include IL-6 [17] , tumor necrosis factor-␣ [12, 18] , platelet-activating factor, nitric oxide and arachidonic acid metabolites [19] .
The objective of the present study was to test the hypothesis that the perioperative plasma IL-8 profile is associated with the development of AKI in a large cohort of patients undergoing on-pump cardiac surgery, suggesting a functional role for this chemokine in the pathogenesis of acute organ injury.
Patients and Methods

Study Design and Population
This was a prospective cohort study of patients undergoing on-pump cardiac surgery performed between January 2004 and October 2007 at 2 tertiary-care hospitals located in Boston, Mass., USA. All consecutive patients 1 18 years of age undergoing onpump cardiac surgery (with or without valvular surgery, elective, urgent or emergent) were eligible for entry into the study. Pregnant women, patients with pre-existing AKI, end-stage renal disease on maintenance dialysis, solid organ or bone marrow transplant recipients, and those undergoing 'off-pump' or 'minimally invasive' coronary artery bypass grafting were excluded. Written informed consent was obtained from all participants prior to study enrollment. The institutional review board of each participating center approved the study protocol.
Data Collection
The medical records of the study participants were reviewed prospectively to retrieve preoperative variables including baseline demographic characteristics, coexisting conditions, intraoperative variables including CPB time, cross-clamp time as well as surgery type, and postoperative variables including serial serum creatinine values and the Acute Physiology and Chronic Health Evaluation (APACHE) II score [20] , which was determined 24 h following CPB to serve as a measure of disease severity.
Serial Blood Sampling and Measurement of IL-8
At the time of enrolment, 8 ml of EDTA-anticoagulated blood were collected. Subsequent 4-ml blood samples were collected at 2, 24 and 48 h after the discontinuation of CPB. The samples were kept on ice and processed within 30 min of collection. For plasma separation, the samples were centrifuged for 10 min at 3,000 rpm, followed by an additional 10 min at 13,000 rpm after transfer of the supernatant. The plasma samples were then aliquoted and stored at -80 ° C (REVCO Freezer; Thermo Fisher Scientific Inc., Waltham, Mass., USA).
IL-8 was measured in plasma using a solid-phase sandwich enzyme-linked immunosorbent assay, according to the manufacturer's instructions (R&D Systems, Minneapolis, Minn., USA). The results are expressed in pg/ml. The assay's lower limit of detection is 3.5 pg/ml. The intra-and interassay coefficient of variation is 3.9-6.6 and 6.0-11.5%, respectively.
Outcome Measures
The outcome measure was AKI defined as an increase in serum creatinine by 6 0.3 mg/dl or 6 50% in the first 72 h following CPB. This serum creatinine criterion corresponds to stage-1 of the AKI Network (AKIN) definition (AKIN stage-1) [21] . A second definition of AKI consisting of an increase in serum creatinine by 6 50% over the same time period (AKI-50%) was also applied. This more stringent definition of AKI encompasses a subset of patients identified by AKIN stage-1. These 2 definitions were chosen to explore the robustness of our hypothesized associations across a spectrum of AKI. We chose the 72-hour time point instead of the 48-hour time point that is currently recommended by the AKIN definition [21] , to account for the transient reduction in serum creatinine that may be observed following cardiac surgery due to hemodilution.
Statistical Analyses
Continuous variables were described as mean (SD) or median (interquartile range) and categorical variables as frequencies. Friedman's test was used to test for changes over time in perioperative plasma IL-8 profile. The Wilcoxon rank sum test was used to compare plasma IL-8 levels at the respective time points between patients with and without AKI. An area under the receiver operator characteristic curve analysis including calculation of 95% confidence intervals (CI) for the area under the curve (AUC) was performed using the nonparametric method of DeLong et al. [22] . p values indicate significance compared to an AUC of 0.50, which corresponds to chance.
Logistic regression analysis was also used to examine the association of plasma IL-8 at the different time points and the development of AKI. Logistic regression models were generated to indicate odds ratios (OR) per doubling in plasma IL-8. Two multivariable models were developed to adjust for appropriate covariates: the first model adjusted for age and CPB perfusion time, whereas the second, expanded, model was overfitted with additional variables including preoperative serum creatinine, chronic obstructive pulmonary disease and peripheral vascular disease. For these analyses, plasma IL-8 was log-transformed due to a skewed distribution. Differences were considered statistically significant at p values ! 0.05. All statistical analyses were performed using SAS (SAS Institute, Cary, N.C., USA) version 9. 
Results
Characteristics of the Cohort
A total of 143 subjects were enrolled. Table 1 displays the characteristics of the cohort, reflecting a patient population with established risk factors for cardiovascular disease but with relatively well-preserved left ventricular function and preoperative kidney function. In brief, their mean age was 68 years, 97% were Caucasian, and 32% were women, with a mean preoperative left ventricular ejection fraction of 51%. Approximately 25% of the patients underwent elective cardiac surgery with a mean CPB perfusion and aortic cross-clamp time of 112 and 85 min, respectively. The preoperative administration of radiocontrast, which occurred in 62% of the patients, was neither associated with preoperative serum creatinine levels nor with the development of postoperative AKI (data not shown). Twenty-four hours after CPB, the mean APACHE II score was 10. AKIN stage-1 developed in 41 (29%) and (AKI-50%) in 18 subjects (13%).
Association of the Plasma IL-8 Profile with
Postoperative AKI As shown in figure 1 , CPB resulted in a predictable increase in plasma IL-8 levels perioperatively (p ! 0.0001). Subjects who developed AKIN stage-1 had a significantly higher plasma IL-8 level 2 and 48 h after CPB, as compared to those who did not develop AKIN stage-1 (p = 0.03 and p ! 0.01, respectively; fig. 2 a) . However, the difference at the 24-hour time point did not reach statistical significance (p = 0.09). Similarly, subjects who developed AKI-50% had a significantly and consistently higher plasma IL-8 level 2, 24 and 48 h after CPB, as compared to those who did not develop AKI-50% (p ! 0.01, p = 0.02 and p ! 0.01, respectively; fig. 2 b) .
On univariate analysis ( table 2 ) , the plasma IL-8 level 2 and 48 h after CPB was associated with 1.44-fold (95% CI = 1.07-1.95; p = 0.02) and 1.73-fold (95% CI = 1.08-2.77; p = 0.02) higher odds for AKIN stage-1, respectively. All post-CPB plasma IL-8 levels, at 2 h (OR = 1.60; 95% CI = 1.06-2.40; p = 0.03), 24 h (OR = 2.02; 95% CI = 1.16-3.51; p = 0.01) and 48 h (OR = 1.87; 95% CI = 1.07-3.29; p = 0.03) were significantly associated with AKI-50%. Other factors related to AKIN stage-1 were age (OR = 1.48; 95% CI = 1.04-2.12; p = 0.03) per 10-year increment and CPB time, per 1-hour increment, for both AKIN stage-1 (OR = 1.78; 95% CI = 1.06-2.97; p = 0.03) and AKI-50% (OR = 3.52; 95% CI = 1.71-7.25; p ! 0.01). On multivariable analysis, the association of the plasma IL-8 level 2 h after CPB persisted with 1.36-fold (95% ( table 2 ) . The association of the plasma IL-8 levels 48 h after CPB with AKIN stage-1 and AKI-50% was also maintained after adjustment for age and CPB perfusion time ( table 2 ) . The relationship between plasma IL-8 levels and AKI was maintained after adjustment for additional covariates ( table 2 ) . Table 3 displays the performance characteristics of plasma IL-8 at the various time points for the prediction of AKI, compared to age and CPB perfusion time, 2 known risk factors for the development of AKI. At the 2-, 24-and 48-hour post-CPB time point, the AUC for plasma IL-8 was 0.62 (p = 0.02), 0.59 (p = 0.08) and 0.68 (p = 0.01) for the prediction of AKIN stage-1, and 0.72 (p ! 0.01), 0.67 (p = 0.03) and 0.73 (p ! 0.01) for AKI-50%, respectively. Similar results were obtained in a sensitivity analysis restricted to the 36 study participants who underwent elective cardiac surgery (data not shown). Plasma IL-8 predicted both AKIN stage-1 and AKI-50% fairly well, and its performance was marginally but not significantly higher than that of CPB perfusion time for the prediction of AKIN stage-1, as illustrated by the substantial overlap of the 95% CI ( table 3 ) .
Performance Characteristics of the Perioperative Plasma IL-8 Profile for Predicting AKI
Discussion
AKI following on-pump cardiac surgery is a serious complication that is associated with significantly increased morbidity and mortality [1, 4] . Despite its significance, the mechanisms of kidney injury in this clinical setting are still not fully understood. Our study describes the kinetics of plasma IL-8 in response to CPB and the strength of its association with the development of postoperative AKI. The results indicate that the IL-8 plasma levels increase consistently in response to CPB, but the rise is more pronounced among patients who develop AKI compared to those who do not. This increased plasma IL-8 response among patients who developed AKI could be registered as early as 2 h following CPB and displayed moderate discrimination for the early detection of AKI. The diagnostic performance of plasma IL-8 for the early detection of AKI was less robust compared to urinary biomarkers such as neutrophil gelatinase-associated lipocalin [23] . On multivariable analysis, however, plasma IL-8 remained independently associated with the development of AKI, after adjustment for important clinical risk factors for AKI, suggesting a potential involvement of this chemokine in this disorder.
A large body of literature exists on the role and function of IL-8 in neutrophil-mediated inflammatory responses (reviewed in detail in Hoch et al. [24] ). In addition to its primary role as a neutrophil chemotactic agent, IL-8 stimulates the neutrophil oxidative burst [25] . Plas- ma IL-8 has previously been shown to increase following on-pump cardiac surgery [26, 27] , and post-CPB peak plasma IL-8 levels have been associated with prolonged mechanical ventilation [27] and worse arterial oxygenation parameters [28] . Published clinical reports on the relationship of IL-8 with AKI are limited. One study demonstrated an association of urinary IL-8 levels with sustained renal allograft dysfunction due to ischemia-reperfusion injury [29] . Serial plasma IL-8 levels have previously been shown to predict the development of AKI in patients with sepsis [30] . Among critically ill patients with AKI, plasma IL-8 levels have also been shown to be higher among nonsurvivors of hospitalization [31] .
In keeping with this previous work, our study confirms that IL-8 does respond to on-pump cardiac surgery with a moderate but significant increase in plasma levels. In addition and more importantly, patients who develop AKI following CPB display a significantly more pronounced elevation of plasma IL-8 early on. This observation was consistent across 2 distinct creatinine-based definitions of AKI, thereby supporting the robustness of the results. Furthermore, the plasma IL-8 level, 2 h after CPB, predicted the development of AKIN stage-1, although its performance was similar to CPB perfusion time, a known predictor of AKI (see table 3 ). Of note, the plasma IL-8 levels 2 and 48 h after CPB remained independently associated with both AKIN stage-1 and AKI-50% after adjusting for age, CPB perfusion time, chronic lung disease, peripheral vascular disease and preoperative serum creatinine, attenuating the potential confounding effect of these important covariates and known risk factors for the development of AKI following cardiac surgery.
Our study has some strengths and limitations that are worthy of mention. To our knowledge, this is the first prospective cohort study testing the hypothesis that plasma IL-8, the primary chemotactic agent involved in tissue neutrophil recruitment following ischemia-reperfusion injury, is associated with the development of AKI in a large relatively unselected cohort of patients undergoing on-pump cardiac surgery. We observed a fairly consistent association between plasma IL-8 measured at different, postoperative time points and the development of AKI, as well as across the spectrum of 2 AKI definitions, which are both included in the AKIN definition [21] . The associations are mild and the prediction of AKI using receiver operator characteristic curves is at best moderate. In addition, the observed association of IL-8 with AKI cannot serve as proof of a functional role in the pathogenesis of this complex disorder. Our results are nevertheless important, since they demonstrate for the first time an association of plasma IL-8 with AKI in cardiac surgery. It should be noted that a previous study has shown that circulating IL-8 is primarily bound to erythrocytes, which act as a sink and might have influenced our results by reducing the extent of the plasma IL-8 rise by erythrocyte binding [32] . In addition, the administration of heparin might attenuate the proinflammatory effects of IL-8 through binding [33] . Since all study participants in our cohort received heparin during CPB, both the AKI and non-AKI groups were equally exposed to heparin, which, in turn, should not bias our results. In summary, the results of our study demonstrate that among adults undergoing on-pump cardiac surgery, the perioperative plasma IL-8 levels predict the development of AKI, pointing toward a potential involvement of this chemokine in AKI. Larger studies are needed to confirm these relationships. AKIN stage-1 is defined as a serum creatinine increase by ≥0.3 mg/dl or 50% in the first 72 h following CPB; AKI-50% is defined as a serum creatinine increase by ≥50% in the first 72 h following CPB. p value compares to AUC of 0.50, representing chance.
